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Abstract

For an energv-eflicient accelerator svetenn to b qeed for
a free-electron laser, the stability of an enerey tecoveny svanen
utilizing a hridge coupler placed hetween the aeceteraton anid
tue deceleratar is studied muneocally, Foeray s recoveped Ty
recirculating the aceelerated electvon beam thronels the decel
erator; the recovered energy is then transported throneh the
bridge coupler to the aceeleratar. The caleulanion shows that o
large transient valtage oscillation is mdueced 1 the svstem. s
transient oscillation can be reduced signiticantly by slowly o)
plving hath the electron-beaim enrrent and the klvstron power at
the beginning. Twa types of instabibties are predicted wecord
me to the sernping of the electron heam between the aece!
and the deeelerator. When the energy spectrinn oi the e tron
heam is scraped at the high end, the svstem inducea an oseolla
tion. However, when the low-energy end 1s seraped. the electron
tecirenlation may stop undess the klystron power 1« hoosted by
a feedback svsten.

Introduction

To increase the energy efficiency in the free electron laser
system, a decelerator is ndded to caollect the energy of the elee
tron heaan and to reanenlate it 1o an aceelerntor  he svatem
consists of hridge-compler eavities, accelerator cavitive, an unrdn
lator, and decelerator cavities, The hridge conplet teeds enerey
from the klvstron mto the aceelerator and couples the energy
flow trom the decelerator to the aceelerator, The accelerator s
followerl by A drift space and an undalntor, The electron heam
interacts with the nudulator field and laser, tronsferriug enerey
to the Laser, Tosimplify the nrgument, we gnore the energy loss
of the electron beam m the undalator, After the electeon bemm
passes a 180 hened, it s gided 1o the decelerntor. The decel
etator takes the energy from the electron hemn amd recirenlates
it 1o the aceslerator theongh the bridee coupler.

We simnlate the system numerically to explore the stalihity
of the of voltiuge 1 ench cavity and to explore the salnhity of
hoth the electron Bam eneeent and the energy e also eval
aate the svatem stabihty when the carrents are scrageed  the
heani transport system loses current, and the seraper hetween
the aceelerator and the nndulntor redinces the recirenlated cur
rents, As the elections are aceelerated, the energy spectinm
of the electrons changes it peak energy while nuantamig the
same spectral shape, The amount of e serapig v deter

mined by the frnction of the spectenm eat ont while rm.-mu
through a fixed energy window . “The detmled analvtic deserip.
tion of this work s presented in a companion paper.!

Syatemm Representation with
arallel Resonant Circnits

T e simlated svstem consists of elements for an aceelera
tor, a -leceleentor, and a bndge conpler. For the eleciron benin
thint paases through the xvstem, the election beam enecgy sl
evtent nre tane depedent. The electton beam energy at the
ncclerator depends onc the plsse and smplitade of the of, wnel
the cieetron beam covpent wl the decelepntor depewds on the
nmonat of enerent seenping. whieh, in turn, depends an the
electron benny energy st the neeslopptor,

With an analogy to eledtnenl civenits, we farmniate the
svadem with eotipled ve sistanes s tinnes enpertanee (R
cirenita, lnonr avatens, the nverave eonrent ol the election heam
wivl the egiivalent kivetion cureent dove the soltnge bon ens |y
element, Uning the npadogy ol pooalled RLC ciomts, we can ot
up eirewit equations o the beam enrets nml e the nadoeeld
voltages, ‘Jhie acoelenmior cavities, cotmisting of tannks of 11 ells
mud 15 eodls, e beented as ove resogunt RREC cleent Aba the
decelevntor is tepresented with one REC eloment The bevlpe
conpler s covinres, mnd it i eepresented by three conples ] 1EELC
elements hevinse the voltages i the connecting eeyaities can be Ip
cloty the exated modes,

S\ e et mp e Asiapie me Gl the T Prapiaptinent o) | nes gy aind

appented by thie U5 Aoy Steatege Pelenee Connean §

The Tquations Describing the Accelerator,
the Decelerr'or, and the Bridge Coupler

The svatem is deseribed by five indnetively eonpled 1010
crcuits, Lhe conpling constants k) are related to mntaal indne-
tanee Mo hetween the sth and gth element given as &k, L L.
Lhe slont resistance R, cavity Q0 and the eavity enpnertanee
Cootorm an REC eiremt tor a pth element,
tween them {or an isolated parallel eircint are

Q,

Ihe relatiops he

R,
b "
andd
, |
,.J(_, 2 i h
“,

The ~haracterstic frequeney @) lor the pth element mnst alsa
sutistv the tollowing conditon: At the klvetro biegoeney o,
which s equal ta 1300 MUz, alt the elements of the ennplial
circtits st resanate when the intraclement couphng tedoces
to zeros | his condition s formmlated as the dingonal elements
of the erigrimatnx for a stationary svstem equal 1o uniry:

2y f." I

Gn w1
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The stationary system assnmes no driving terms aned nssinnes
nondingipative cavities. In P, (2), y, is delined as 1200 kf),
and £, it defined ma e, wa. By solving Fe. (2), the chaeneteristic
frequencien o, are expressed as Tunctions ol coupling «

k,.

istants

The driving terms of the conpled civenits are the klvstren.
frecquency component of the eleetron-heam cureent at the ae
celerator, the current equivalent of klystyon power, and the
klxstrou frecquency component of the clectron heam enreent w
the decelerntor. Becanse there is a tine delny hetween the
exit of the aceelerator and the entrance ol the deeclerator, the
election-benim phinse varies al the entrance ol the decelernton
The phase varition. with rexpect to the reference klvstron, de.
peie b on the electron-bemn encrgy at the exit of (he neeelerator,
The phase shppage of electrons in the aceelerator or m the de
celerator in peglected,

The oncillating tf voltages in rach element can be repre
sentec an a superponition of five dominant modes, These modes
a'r obtained by rolving eigenequations in n stationary config
veation: setting the ) of the cavitien equal to ~ and gnor.
i the cdeiving fermis. “Lhe voliage profile at each element (o
ench stationary mode is shown in Fig. 1. The mede witly
the highest frequency is showis at the top with the dotted 0V
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relerence line: the moede with lowest fregquenoy is shown st the
bottern, ‘The thnud hine trem tiee top s the = 2 newle wirh
whith the accelrratar or decelerators are sh~gns) 1.,
at the [3K1NHz trequency. Thie nrude hias newdes ar vl com

|l||l. cells i the biredge conpler Vang the parapmeress e crbadl
r Voawle calovilitont broyy Ve e agLal
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The Equations Desacribing a Transient State
The retarn o lorveon besiing . ¥ s g bonnaes ale Lates” teen! 2u [
Tea the qveleyp
not well known lo nnswer flp et ol wlen tee stat e
Ay stafe 1~ mighlieled. | o tlequereeds oay Yhee v ws
cerapimg wWiedew  or howm sratalbe oo ety b
rigpent. We alitinn Vhe =Guat s (o toe npase 8 oo g v
avetey, Whie ko foegine W hieps Pl v len rean T e rite ge e ewa i)
Re crlorator eavitimn

"_\ subitrae g Yhee epuiations for the a0ty yars
fronn the emquntions it ddese rgioe the geuera:
T for ttansien® state can b obbagtest Delnomy «
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where P iwodetined an 1 Q. iy Har'? 0 the enpnipund
elestron beam ruartent that spters the arcelemntor with amph
teele Ly, aned 122 0 v W, 1n e erpruavnlent cxsgpmny o) the plysteny
Prwer sntering he Liryrlge rn|||||--r The kivetiem juwmer ranrune
1 e dueded 1 M The transient voltug= anel pliase w1l
vrator are driven by 4 diflerenes betwewy) retagn oo o eng et
niied the poferenee stalionnry curpet e pnbopsgee phias Y.,
amd amphitnde Jo; of the stationary current pscemes nnoernp
me Als, the tranuept voltage aned plinae at Ve deisleyntor are
thiinen bn adepivetne of the airival |l\l“' oof the return eleepongs
Ter mebielm th time delay of the retnrn slectrem beam, thi de
relepator den ng lerin 8 evrluated at & e when the ele teon
Ieany leaves e g releraton

‘u Rener o, e transent state defined ns & veeten of comnpiley
voltages of el elmment can le eypresusd e n copwerpesitieon of
the five stal onar migenves s [eranse the avaten reamates
Al the ® 2 wule lafope the slection beans bomimg, the nnxtine
of the ethier fonnr vaewles e curning wn the trnn asiate san he
mterpreted pe n revu]t of the yterac o be Ve the electpon
beamn mil the eavity sy

Beam Loading nnd Inltinl Tramslent NF Voltages.

Belorm thie ols Vg Lheang Jigsle b the mesadepatsy omly
the klvatienn powet slpives the svetonn The saatonn s ana sia
tiapary state Whan an eles e Yaspin garns ey sgy o The e
relegnton cavty, Ve sbatugrary ctate o eafilise] L nover oof 1) e
Yermtns lonehing Ve shillponge = st iy 1) abntssngany slates o
bormars Desanelemd anped 1o et o 1 vl oo sin Jongebonel o= Wl nuntial tram
aprgt vadvawe 1 e gt aede of the tian ool? valbage 1= Lapg
thap the ety aros pianee wpedow of 1he coruper a ot ol
Yhe vlestrony bimpeyy e Nepape o e lewer ol Vg o pgte e e
ieleraten e pmoonerm] gy at the sherbgatonr denienee |
Al he o pgeqps veng cnbgrood to the meoehyanton secienses 1 1)
nepee] a0 Vhe bow eqeren enel o e sl tonm boespne
o]l wpe gy o e Bldboaing sledtpan = e
ol af the spergs a coptanere wipedow aped toaee elec b paase
the wielsw  Lhe el enmtgs o, the syatogn s g e wqul
e ol Hhe slee i arnvine bater at the seeelngatenr pass the
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Accelerator and Electron-Beam Paramieters’

We avcnmmne 15 sepivndent eells for 1l wees levatest e fon Vhee
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This in an R energy window. As seen in Fig. 3. the electron
eam scraped as much as 237 at | ga imuediately loses s
current when the low-energy end of the v 1 «tarre cerapug
at 12 ua: no electron cureent 18 arriving ki 1he develeranor a
15 us. The beam-loaded voliage a1 the accelerator 1~ shown m
Fig. 4. For the firet 15 sa. it droopea few megasolvs ol droops
down to abhout 17 M\ after 2% ;0. Howeser, with the henm
current at 468.2 mA, the divopmp v wmeh slower gl the heam
atill recirculates st 3 4.
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Fig 3 Drooping of recirculaied current.
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Fig 4 Dreopiug of arcelerator voliage.

To comprensate fin the energy drmpimg of 1he swatem
becansr ab the beam sorspin,. we camp the klvation pewer
linearly e 1950 b the st 1 e The saateqy beconme op
blr, aned the wntial Gansient oaoflaten t\-ump-. e showy m
Fix. 5. It the aceeleeator voliage amphtisle  However, the axs
temm stalality i violated ecanly with o sinall chinnge of klvstion
power, A Hyeshold wheps the instalahity stares (recipeubated]
clecteen enrrent diew) 18 svearchesl by rasing the low end of e
energy window, $he threshold, i terims of a ratin of sleviron
henm o rent sernped to the total beam cureent, was alwan 2497,
llowever, fin a setup with » tetal begm carrent of 46,2 mA., the
theeshold in lughey; 11 i abwnt 5005,

Jlaweyimg the energy window s that the high ened of e
rerey disttibution in weraped, the system exints & petisdie
oncillation: the recirculate] electron Lenm current is partinlly
sernped and restorea peypuhienally {(Fig. ) The voliage singh
tiules at the aceeleraten and decelorator are shown w Fipgs, T
Al N, respectively. At Hhe peak ol the aceeleeating voltage, the
curremt i at s noimme, AL the sgpnnin ol the aceeleintmg
valtage, the estrent i at the mavnunm. The phase diflerenes

“.“1

¥, 1 MV)

;4

.-J;.. ve mn ne B9 A ma

e
Fit % The arieleraior voltage heconies stalile when hlyatron
Prwes 6 [

hetwern 1l decelerator voltage, as shown in Fig N, el 1l
accelerator voltage is 7 tlus shows that the second or tourh
nuwde in Fig. 1 is excited. The oscillation freguency of thie a
celerntor voltage is about 0.9 MUz, asx obtainerd from Fig. 7.
Thus 14 eomsictent with the frequency of the secand o tourth
unude chininel fiom the rigenanalysis,
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Fix 6 The leam seraping at the high-energy end induces
oscillatins m recuculated current.
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Fig. 7. The acceleraior voltage oucillates a1 0.8 Mz from
the »:2 mode.

Fig. 8. The derslerniny voltage oscillstes with a half period
displaced from the accelerator vuliagr

Vs (MV)

The tluedud] of lindecing thix instabibity in tevns of the
fraction of cuprent lint is about 7.5, Fin: the iy stem wetup with
todal bemm cnnrent of 46,2 wmA. e threshold i alean 507,

1y varying the beam. drift dintapes Letween the noeslepntor
aned the decslerator, the elevtron-neeival phase to tHhe decelerntor
van be changed, When tps i« siimnlinted, the vnltgge beliavion at
the acoelriator and docelerntor aee elentical, whether the bean
is nrerving enrcliet of later at the deealerator with the saime mne
mbtde ol plinse aele ollaet e the valley of e deedermme
vultngr.
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